Abstract
INTRODUCTION
Viruses of the genus Tospovirus caused serious damage on peanut, tobacco, vegetables, ornamentals and other economically important crops. In 2000, a tospoviruslike virus was isolated from calla lilies (Zantedeschia spp.) in central Taiwan and later named Calla li/v ch/orotic spot virus (CCSV). Based on host range, thrips specificity, and the preliminary results of serological tests, CCSV was considered as a new tospovirus but distantly serologically related to Watermelon silver mottle virus (WSMoV) (FIsu et al., 2002) .
Based on the serological relationships of N proteins. 16 tentative species within the genus Tospovirus are clustered into three major serogroups and four monospceies serotypes (Chu et al., 2001 : Jan et al.. 2003 . Among these. Tomato spotted will virus (TSWV) (Adam et al.. 1993) . Iris ye/low spot virus (IYSV) (Cortes et al., 1998) and WSMoV (Yeh and Chan g , 1995) are the typical representatives of TSWV. IYSV and WSMoV serogroups, respectively. Impatiens necrotic spot virus (INSV) (Law and Moyer. 1990) , Peanut re/low spot virus (PYSV) (Satyanarayana et al., 1998) , Peanut chlorotic tim-spot virus (PCFV) (Chu et al., 2001) and Melon Yellow spot virus (MYSV) , have no relationships with any other tospoviruses and are classified as monospecies serotypes (Chu et al.. 2001 (Chu et al.. : .lan et al., 2003 .
In this study, the full-length sequence of the CCSV S RNA was detenriined, and the phylogenetic relationships of the N gene of CCSV with those of other tospoviruses were analyzed. The results of the molecular characterization based on S RNA indicate that CCSV is a new tospovirus species belonging to WSMoV serogroup.
MATERIALS AND METHODS

Virus Sources
The virus isolate CCSV-398, was collected from naturally infected calla lily with chlorotic spot at Pei-tou. Changhua County in central Taiwan (Hsu et al., 2002) . The isolate of WSMoV-TW was collected from watermelon in Taiwan (Yell al., 1992) . The viruses were maintained in the systemic host /Vkotiana henthainiana Domin. and the local lesion host Chenopodiurn quinoa WilId. by mechanical transmission.
Complementary DNA Cloning and Sequencing for the S RNA
Total RNA was extracted from fresh tissues of uninfected IV henthatniana or leaves of CCSV-infected N. bentharniana, using the method described previously (Napoli et al., 1990) .
A DNA fragment was amplified from the 3 region of the S RNA by reverse transcription-polymerase chain reaction (RT-PCR), using primer N3534c (5'-GGGGGGGGGG AGAGCAATCGAGG-3'), derived from the 3 non-coding region of the S RNAs of MYSV, (YSV and WSMoV, and the degenerate primer N3101 (5'-TTT(C/T)(C/T) CATACATTT(CIT)CTG(C/T) (C/T)T-3') derived from the N genes of MYSV. IYSV and WSMoV. In the second step, a 781 hp fragment was amplified with the forward oligo-dT primer I STNS (5 '-GAGCTCGCGGCCGCTTTTTTTTTTTTTTTTTT-3') and the reverse primer 398N354c (5'-GACTGGACATfTAAGAGGACTGAAGCATTT-3) derived from the first sequenced fragment of CCSV. RT-PCR products of the 5'-terminal 1057 bp region of the S RNA comprising the NSs gene and the non-coding region was obtained with the forward primer Ter398S (5'-AGAGCAATCGAGGTATTAAC-3') derived from the 3 non-coding region of' the viral sense S RNAs of CCSV and primer Ter398S was also used as the reverse primer to amplify the certain region. Once the sequences of most NSs and N genes were elucidated, primer 398S-NSs3' (5'-TAG GTGCTAGAATTGGATTGGTAG -3') and 398N354c derived from the NSs and N genes of CCSV, respectively, were used to amplify the 3 region of the NSs gene, intergenie region, and the 3' region of the N gene.
Viral double-stranded (ds) RNAs were isolated from infected C. quinoa as described by Yell and Chang (1995) . Terminal regions of CCSV SRNA were cloned by RT-PCR using the polyadenylated dsRNAs as the templates .. The procedures of' polyadenylation of the dsRNA were conducted according to the instruction of the manufacturer (Amersham, Piscataway, USA). The oligo-dT primer, I8TNS, and the reverse primer 398S-ter5' (5'-TGATGTCGAGA CCGAATTTCTCAAA-3') designed from the known sequence of the 5'-terminal region, or the forward primer 398S-ter3' (5'-TCAGCTGGCACATTCAGACC-3') designed from the known sequence of the 3'-terminal regions were used to amplify eDNA fragments corresponding to the terminal regions by RT-PCR using the polyadenylated dsRNAs as templates. Complementary DNA was synthesized by RT using M-MLV reverse transcriptase (Epicentre, Madison, USA). PCR was conducted in an aliquot of 50 Al containing 0.2 mM dNTPs, 0.1 AM of each primer, I unit of Ex Taq DNA polymerase (TaKaRa. Shiga. Japan), and 2 Al of eDNA, with 34 cycles of 94°C 1 mm for denaturizing, 50°C 30 sec for annealing, 72°C 1 inin for synthesis, and a final cycle of 72°C 10 nun. The RT-PCR products were cloned in the TA cloning vector (Invitrogen, Carlsbad, CA) according to the instructions of the manufacturer. Plasmid DNAs were isolated by the mini-prep method (Sambrook and Russell. 2001) , and sequenced with an automatic DNA sequencing system (ABI377-19 Perkin-Elmer Applied Biosystems, Foster City, CA).
DNA Sequencing and Analysis
Sequence comparison was conducted with the GAP program of the Genetics Computer Group (GCG) package (version 10.3. Genetics Computer Group, Madison. WI). The PILEUP program from the GCG package was used to create multiple sequence alignments. Distance matrices for protein sequences were calculated from alignments based on the Dayhoff for protein PAM matrix (Dayhoff et al.. 1983) , using the PROTDIST program of PHYLIP package version 3.5c (Department of Genetics, University of Washington. Seattle). Phylogenetic relationships were estimated from these distances using the Neighbor-Joining routines. The repeatability of the branch orders obtained was estimated using the SEQBOOT program for bootstrap resampling (500 bootstrap reitcrations) (Felsenstein. 1985) . Sequences for alignments were obtained from the EMBL, Genl3ank. and DDBJ databases under the following accession numbers: TSWV, D13926 (de Haan et al.. 1990 (Kato and Hanada. 2000) : Capsicwn chiorosis virus (CaCV). AY036058 (Lee et al., 2002) , and Tomato yellow fruit ring virus (TYFRV). AJ493270.
Dot Blot Hybridization
The relationships of (.\' with other tospoviruses were further analyzed by nucleic acid hybridization. Total RNAs were extracted from unin6cted C. qumnoa as well as from the plants individually infected with TSWV, INSV, WSMoV, or CCSV (Napoli et al. 1990 ).
p32 labeledDNA probe from a eDNA clone corresponding to the N gene of CCSV was synthesized according to the manufacturer's procedures (Stratagene. Laiolla. CA). Total RNAs were spotted onto nylon membranes and exposed to UV at 254nm for 3 mm, prewarmed with prehybridization solution [1% (wv) SDS, I M NaCl, 10% (wv) dextran sulfite, and 100 pg/nil salmon sperm DNA] for 60 min and hybridized in hybridization solution (prehybridization solution containing the P 3 -labeled DNA probe) overnight at 60 ø(' Autoradiography with intensify ing screens (HyperscreenU, Amersham Phamacia Biotech. UK) on a X-ray film (llyperfilm MP, Amersham Phamacia Biotech, UK) was conducted at -80 CC for 48 hr.
RESULTS
Complete Nucleotide Sequence of CCSV S RNA
Based on the S RNA sequences of MYSV. IYSV and WSMoV. primer N3534c and degenerate primer N3101 were used to clone the 3'-termini and part of the N gene of CCSV S RNA. A 634-nucleotide long eDNA fragment representing the 3'-termini and part of the N gene of CCSV S RNA was obtained when only the primer of N3534c was used. Four clones were selected by the RT-PCR method, and their sequences covered the complete NSs and N genes of S RNA, except for the 5'-and 3'-terminal regions. The dsRNA of CCSV were polyadenylated and used for cloning the terminal sequences. A eDNA of 329 nucleotides representing the 5'-terminal region and a eDNA of 486 nucleotides representing the 3'-terminal region were obtained by RT-PCR.
The complete nucleotide sequence of the S RNA was assembled from the sequences of the selected clones. The S RNA of CCSV was determined as 3,172 nts in length (Fig. 1) , 256, 180, 115, 202, 67 and 339 ins longer than those reported for TSWV We Haan et al., 1990) . INSV (de llaan et al.. 1992) , PBNV (Satyanarayana et al.. 1996) , PYSV (Satyanarayana et al.. 1998 (Yeh et al.. 1996) and PSMV (Cones et at., 1998) , respectively. The S RNA contained two ORFs, and an A-U rich intergenic region, similar to the S RNAs of other tospoviruses. The two OREs were found in an ambisense arrangement, encoding the NSs protein in the viral strand and the N protein in the viral complementary strand.
Comparison of the N and NSs Genes with Those of Other Tospoviruses
The N ORE was determined as 831 nts in length, encoding a predicted protein of 277 amino acids with a calculated molecular mass of 30.5 kDa. The ORF starts at nucleotide 3 108 with an AUG start codon and terminates at nucleotide 2278 with an UAA stop codon. The predicted amino acid sequence of the CCSV N gene shares low amino acid identities, 20.1-58.8%, with those of TSWV. GRSV, TCSV. INSV, IYSV, PSMV, PCFV, CSNV, ZLCV, TYFRV and MYSV; whereas it has a relatively higher amino acid identity of63.3-65.1% with those ofWSMoV, PBNV, CaCV and WBNV (Table I ). All the amino acid identities are far below the 90% threshold for classif y ing distinct tospovirus species (Goldbach and Kuo. 1996) , indicating that CCSV is a new tospovirus member.
The dendrograrn of the phylogenetic relationships of CCSV with oilier tospoviruses based on the N protein revealed that the N protein of CCSV is phylogenetically more closely related to those of PRNV. WSMoV, CaCV and WBNV than to those of other tospoviruses. Thus, CCSV was grouped with PBNV, WSMoV, CaCV and WBNV in the same cluster as a member of WSMoV serogroup.
The predicted NSs ORF was determined as 1.380 nts in length, encoding a predicted protein of 460 amino acids with a predicted molecular mass of 51 kDa. The coding sequence initiates at nucleotide 67 with an AUG start codon and terminates at nucleotide 1446 with an UAA stop codon. The predicted amino acid sequences of the CCSV NSs gene share low identities of 19.9 to 26.5% with those of TSWV. GRSV. INSV, PYSV, and PCFV, whereas it has relatively higher aminoacid identities of 48.4 to 66.1% with those of PSMV, IYSV. WSMoV, and PBNV (Table 2 ). The phylogenctic analysis ofNSs proteins indicated that the NSs protein of CCSV is more closely related to those of WSMoV and PBNV, belonging to the same serogroup, than to those of other tospoviruses. 
Characteristics of Terminal Sequences and the Intergenic Region
DISCUSSION
The S RNA of CCSV was determined as 3.172 nts in length, with two ORFs that are separated by an intergenic A-U rich region. The ambisense arrangement of the two CCSV ORFs is a typical characteristic of tospoviral S RNAs. A terminal consensus nucleotide sequence of 8 nts has been found iii the viral RNAs of all virus species within each genus of the family Bunvaviridae (Elliott, 1990 Murphy et al., 1995 . The last 8 nts (5'-AUUGCUCU-3') at the 3'-terminal end of the CCSV viral S RNA are identical to those of S RNAs of all reported tospoviruses, indicating that CCSV belongs to the genus To.spo virus in the family Bun as iridae.
Comparison of the amino acid sequences of N proteins of the WSMoV serogroup. including CCSV. WSMoV, CaCV, PBNV and WBNV, revealed that the N proteins contain a highly conserved region in the positions of 146-204. Based on the conserved sequence among these N proteins, the antisera against the common epitope of WSMoV serogroup may be produced and used as a convenient tool to detect different tospoviruses in this serogroup.
The NSs genes of tospoviruses may also provide a good base for delineating the relationships of different tospoviruses, and may have common epitopes among different members of WSMoV serogroup. The NSs ORF of CCSV contains 1380 nts, which is longer than those of any other members of WSMoV serogroup, but similar to that of MYSV, which is close to the WSMoV serogroup and has a weak serological relationship with WSMoV in western blot analysis, but no reactions in EL.ISA test . Furthermore, the NSs ORF of CCSV has 52.2% amino acid identities when compared with that of MYSV, indicating that CCSV is an intermediate species between MYSV and W SMoV.
Based on the variability of the most abundant antigens, serological comparison of N proteins provides a convenient and powerful method for detection and classification of tospoviruses. Thus, by combining the concept of species and the N protein serology, we conclude that CCSV is a new distinct tospovirus belonging to WSMoV serogroup. According to the classification of tospoviruses (Jan Ct al., 2003) and the results of this investigation, we conclude that the WSMoV serogroup cuiTently contains five species of WSMoV, PBNV, CaCV, WBNV and CCSV. 
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